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Abstract  
Compact and dry soils impede root growth and restrict plant water availability, respectively, potentially 
causing leaf water deficit. Although both stresses likely co-occur in the field and limit yield, little is 
known about their combined impact on plant growth and physiology over a whole season, especially 
in a tuberous crop like potato. Field-grown potato (Solanum tuberosum L. var. ‘Maris Piper’) was 
exposed to factorial combination of deficit irrigation (watering when soil moisture deficit reached 
60 mm vs. 25 mm) and soil compaction (compacted with heavy machinery vs. uncompacted), with 
plant growth and leaf physiology measured weekly. Shoot growth was restricted by adverse soil 
conditions, while leaf water status, photosynthesis rates and leaf ABA levels did not vary significantly 
between treatments. Across all treatments, final yield was linearly correlated (R² = 0.71) to mid-season 
shoot biomass. Compared to well-watered plants growing in loose soil, soil compaction, deficit 
irrigation and their combination decreased final tuber yield similarly, by 23 - 34%. Surprisingly, tuber 
size distribution was more dependent on irrigation management than on soil strength. Plants exposed 
to deficit irrigation produced more, smaller potatoes than their respective control. Thus, low soil water 
availability and/or compact soil caused these field-grown potatoes to restrict shoot growth rather than 
limit leaf gas exchange. Further research is needed to understand the role of hormonal signalling in 
regulating tuber growth when plants are exposed to compact and dry soils.  
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Abbreviated Abstract 
Compact and dry soils impede root growth and restrict plant water availability, respectively. Shoot 
growth of potato (Solanum tuberosum L. var. ‘Maris Piper’) was restricted by adverse soil conditions, 
while leaf water status, photosynthesis rates and leaf ABA levels did not vary significantly between 
treatments. Across all treatments, final yield was linearly correlated (R² = 0.71) to mid-season shoot 
biomass. Thus, low soil water availability and/or compact soil caused these field-grown potatoes to 
restrict shoot growth rather than limit leaf gas exchange. 
 
1. Introduction 
Potato is the most produced non-cereal food crop worldwide (FAO, 2009), exceeding soybean 
production with 368 million tonnes of potatoes produced in 2018 (FAO, 2020). However, harvests can 
be threatened by abiotic stresses such as drought and soil compaction. In different climate change 
models, drought events are projected to decrease potato yields between 18 and 60 % globally, as well 
as on a regional scale (Obidiegwu et al., 2015; AHDB, 2017). Trafficking heavy machinery on wet soils 
in autumn and spring causes soil compaction, a widespread issue in the UK with over 60 % of 800 tested 
commercial fields showing soil resistances that limit root growth rate (mm per day) and yield (Stalham 
et al., 2007). Moreover, soil drying can increase soil strength to the same extent as heavy trafficking 
(Whalley et al., 2006). During dry periods, roots growing in a compacted soil may be unable to 
overcome high soil resistance to grow into deeper soil layers to access water resources. Potatoes are 
sometimes regarded as being shallow-rooted (Obidiegwu et al., 2015; Stalham & Allen, 2004) which 
may constrain water uptake, even if there is considerable genetic variation in root growth between 
cultivars (Puertolas et al. 2014; Wishart et al. 2014). Hence, it is important to understand potato 
responses to low plant water availability (George et al., 2017), to develop strategies to minimise the 
impact of compaction and drought stresses on yield. 
Plant water availability is commonly measured as leaf water potential. In controlled environments, leaf 
water potential during the day (Ψdaytime) was lower in deficit irrigated than well-watered potato plants 
(Puértolas et al., 2014) and pre-dawn leaf water potential (Ψpre-dawn) decreased as soil dried out 
(Whalley et al., 2006; Liu et al., 2005). Tissue water deficits stimulate production of the plant hormone 
abscisic acid (ABA), which closes the stomata thereby restricting plant water loss (and potentially plant 
carbon uptake). The sensitivity of transpiration and photosynthesis to stomatal closure varies between 
studies. Soil drying increased leaf xylem sap ABA concentration thereby decreasing stomatal 
conductance and photosynthesis rates in containerised potato (Puértolas et al., 2014) and tomato 
(Thompson et al., 2007) plants. In field-grown potatoes, low plant water availability increased leaf ABA 
accumulation and reduced stomatal conductance, but photosynthesis rates were only reduced on 
some  occasions (Liu et al., 2006). Hence, potato plants growing in drying soil restrict transpirational 
water loss by decreasing stomatal conductance, which can also decrease photosynthesis rates and 
therefore carbon gain per unit leaf area. In addition, soil drying restricted leaf expansion and initiation 
in potato (Fasan & Haverkort, 1991; Kawakami et al., 2006) thereby limiting total plant carbon gain by 
decreasing whole plant photosynthesis. Hence, less carbon is available for tuber growth and therefore 
yield. However, reports from controlled environment and field experiments show variability in the 
relationship between photosynthesis rates and stomatal conductance, while it remains unclear which 
mechanisms or signals limit shoot growth in drying soil. Understanding these mechanisms is important 
to identify drought-sensitive growth stages, allowing more precise and plant adapted irrigation 
scheduling.  
Soil compaction restricts horizontal and vertical root growth of potatoes in the field, ultimately 
reducing tuber number and yield (Van Oijen et al., 1995; Stalham et al., 2007). Smaller root systems 
access less soil volume thereby limiting water and nutrient uptake, which results in smaller plants with 
less leaf area (Nawaz et al., 2013; Stalham et al., 2007). However, the mechanisms by which soil 
compaction restricts plant water status and gas exchange remain unclear. Compaction decreased leaf 
water potential in maize (Tardieu et al., 1992) and wheat (Whalley et al., 2006), but not in sunflower 
(Andrade et al., 1993). Potatoes grown in compacted soil reached full ground cover later and had lower 
photosynthesis rates than those grown in loose soil (Van Oijen et al., 1995), and therefore produced 
lower yields. Soil compaction increased root xylem sap ABA levels in tomato, thereby reducing 
stomatal conductance (Hussain et al., 2000), and possibly photosynthesis, although ABA levels may 
have increased simply because sap was collected at low flow rates from plants growing in compacted 
soil, in the absence of any change in Ψdaytime. Shoot and leaf ABA concentrations of tomato did not 
change across a similar range of soil bulk densities (Tracy et al., 2015). Moreover, well watered maize 
plants grown in the field at different bulk densities showed no differences in stomatal conductance or 
leaf xylem ABA concentration (Tardieu et al., 1992). Hence drought and soil compaction can decrease 
plant water availability individually, thereby limiting total biomass and tuber dry weight of field-grown 
potatoes (Kawakami et al., 2006; Shock et al., 1998; Stalham et al., 2007). However, little is known 
about the impact of combined drought stress and soil compaction on potato growth and physiology. 
Since heavy machinery may compact soil in wet spring months and rainfed crops commonly experience 
drought stress later in summer in the UK, it is important to understand the effect of both stresses 
combined and individually to design appropriate management strategies.  
Irrigation increased potato yield to a greater extent in loose than compact soils (Stalham et al., 2007), 
indicating that different mechanisms may co-ordinate plant responses to the two stresses. When a 
factorial combination of soil drying and soil compaction was applied to field-grown maize (Tardieu et 
al., 1992) and wheat (Whalley et al., 2006) plants, soil drying, but not soil compaction, decreased 
stomatal conductance in both species without the two factors interacting. Soil compaction, but not 
deficit irrigation, decreased root and shoot biomass in wheat (Whalley et al., 2006). However, to our 
knowledge no study has investigated the physiological responses of a dicotyledon to a factorial 
combination of the two stresses. As dicotyledonous leaf growth may be more sensitive to leaf water 
deficit as the growing tissues are exposed to the atmosphere and not enclosed in older leaves as in 
monocotyledons (Radin, 1983), potatoes may be highly susceptible to these stresses. Thus, the current 
experiment comprehensively evaluated physiological (Ψpre-dawn, Ψdayitme, leaf ABA concentration, 
stomatal conductance, photosynthesis rate) and agronomic (ground cover, shoot biomass, total yield, 
tuber size distribution) responses to a factorial combination of drought and soil compaction in a field 
grown potato crop. We hypothesize that both stresses limit shoot growth, but only deficit irrigation 
induces foliar ABA accumulation to restrict plant gas exchange and photosynthesis rates. 
 
2. Material and Methods  
2.1. Field and Crop Management 
A 2x2 factorial combination of drought and compaction stress was set up at NIAB, Cambridge 
(0°05'58.8'' E and 42°14'06.1'' N) in a randomized block design with four replicates. Plots consisted of 
four harvest rows and two guard rows, with inter-row spacing of 0.75 m. Plant spacing was 0.3 m with 
30 plants per row. On 14th March 2018, prior to planting, organic matter (municipal compost, Amey 
PLC, Cambridge, UK) was incorporated (25 cm depth) into the sandy loam. On 19th April 2018, the 
compaction treatment was imposed by driving a John Deere 6120R tractor with rear-mounted plot drill 
and fronted-mounted disc roller packer (total laden weight 7570 kg).  The tractor ran on 340/85R/48 
rear tyres at 25 PSI pressure and 340/85R/28 front tyres at 15 PSI over the entire area of the plot, so 
that by driving and reversing across the plot, each tyre compressed the soil twice.  The soil was close 
to field capacity at plough depth at this stage (by irrigating to saturation prior to compaction 
treatment). With the soil water content and bulk density at the time of compaction, the Terranimo soil 
compaction model (www.terranimo.dk, Aarhus University, Denmark) indicated severe compaction to 
55 cm depth, but with a lesser effect to 70 cm. Following compaction, the area was spring-tined to a 
depth of 10-12 cm and then roto-ridged into ridges with a Rumptstad rototiller on 20th April 2018. 
Seed tubers of Solanum tuberosum variety ‘Maris Piper’ were planted on 25th April 2018 into the pre-
formed ridges. All treatments reached 90 % plant emergence at 34 days after planting. An overhead 
irrigation boom, running with a speed of 30 m/h and nozzles hanging 1.5 m above ground, irrigated 
the crop. Irrigation was scheduled according to soil moisture deficit (SMD) as explained by Stalham et 
al. (2007) with a threshold to irrigate at 25 mm SMD for well watered treatments and at 60 mm SMD 
(allowing potato evapotranspiration of 1-2 mm per day on the same soil as the present study - Stalham 
& Allen, 2004) for droughted treatments. Well-watered plots were first irrigated on 12th June, while 
drought stressed plots were first irrigated on 2nd July. Irrigation intervals averaged 5–10 days 
thereafter, depending on weather conditions. Soil moisture was continuously monitored by Theta-
probes (Delta-T, Cambridge, UK) installed 25 cm below the top of the ridge in two blocks with two 
probes per plot (Fig. 1). Daily weather data was obtained from a weather station on NIAB research 
grounds in close proximity to the experiment site. Soil strength was assessed at the beginning, middle 
and end of the season (26th April, 12th June and 9th October respectively) using a penetrometer with a 
1 cm2 surface cone (Penetrograph, Eijkelkamp Soil & Water, Giesbeek, NL), to a depth of 1 m from the 
top of the ridge (Fig. 2). There was no irrigation in the weeks before the measurements in spring and 
autumn, while in summer the plots were irrigated 5 days before measuring soil strength. Protective 
spraying against blight was carried out when necessary. 
2.2. Measurements 
Ground cover was assessed weekly in the two middle rows of each plot using a 75 x 60 cm grid. Leaf 
number and leaf width were assessed weekly on the same three plants per plot. The width of the tenth 
leaf (numbering from the base of the plant) was measured in weeks 24 – 29 and on a young leaf with 
approximately 10 cm length from week 30. Pre-dawn leaf water potential (Ψpd) was measured 1-2 days 
after an irrigation event with a Scholander-type pressure chamber. Leaf gas exchange was measured 
(LI-6400 Portable Photosynthesis System, LI-COR, Lincoln, USA) on one plant per plot and leaf water 
potential (Ψleaf) of that same leaf determined with a Scholander-type pressure chamber on the same 
days that pre-dawn water potential was measured.  Gas exchange and Ψleaf were measured between 
4 hours after sunrise and ending no later than 3 hours before sunset, with time of day being 
implemented as a random effect in the linear models where necessary (see section 2.3.) From the 
same plant, tissue samples of young, developing leaves (entire leaf) were taken, directly put into liquid 
nitrogen (calendar weeks 26 to 32) or kept on dry ice (calendar weeks 34 and 35) until storage at -80 
°C. Leaf ABA concentration was determined by radioimmunoassay (Quarrie et al., 1988). Freeze dried 
and ground leaves were extracted in de-ionised water at a ratio of 1 : 50 (leaf tissue (µg) : water (µl)) 
overnight and then kept frozen at – 20 °C until measured. At final harvest, 2.5 m² in the middle of each 
plot were harvested (10 plants). Tubers were graded into size classes in 10 mm increments (from 10 – 
20 mm to 80 – 90 mm) and for each size class tuber number and total weight was taken. Total yield 
contained all size classes, while marketable yield only considers tubers larger than 40 mm. 
2.3.  Data analysis and statistics 
Statistics were carried out with the software R version 4.0.3 (R Core Team, 2020, Vienna, Austria). 
Three-way repeated measures ANOVAs were carried out to evaluate the effects of compaction, 
irrigation and calendar week on weekly measured variables and compaction, irrigation and soil depth 
on soil strength. Assumptions of independent and identically distributed (as Normal) data and 
sphericity were tested (Shapiro-Wilk Normality test, Mauchly’s test) and accounted for if required.  
Due to missing data some weeks had to be excluded from repeated measures analysis. As a result the 
repeated measures ANOVA was carried out using weeks 29-31 and 35 for stomatal conductance and 
photosynthesis rates and weeks 26 – 28, 32 and 35 for leaf ABA concentration. The analysis of the 
penetrometer resistance in September is truncated to depths of 0 – 30 cm for the same reason.  
Two-way ANOVAs (for main effects of drought, compaction & their interaction) were carried out 
separately on each measurement occasion to highlight when the differences found in repeated 
measures ANOVA occurred, as well as for tuber yield and size. Least significant difference (LSD) values 
at the 5% level of significance are given in the figures where interactions are significant, otherwise 
error bars indicate standard errors. Regression lines were estimated using linear models. 
 
3. Results 
3.1. Environmental conditions and treatments 
The irrigation schedule was calculated according to soil moisture deficit (SMD), a method successfully 
applied to several potato experiments in the same soil type on NIAB trial grounds (Stalham & Allen, 
2004). Soil moisture at 25 cm was generally higher in well-watered treatments than in drought-
stressed treatments (Fig. 1). Before calendar week 28, compacted plots were wetter than 
uncompacted plots, probably due to lower water use of smaller canopies in the compacted treatments 
(cf. Fig. 1, Fig. 3). Soil moisture in all treatments increased notably after heavy rainfall in week 32 
(> 20 mm in 2 days) in all treatments. Irrigation was stopped after week 34 to encourage crop 
senescence. . Altogether, the irrigation schedule created clear differences in soil moisture between the 
well-watered and drought-stressed treatments. Rainfall events in the second half of the season 
changed overall soil moisture levels, but did not change the difference between irrigation treatments 
(Fig. 1).  
Penetrometer resistance below 20 cm depth was higher in compacted than uncompacted soils at the 
beginning and the end of the season. In July, the differences between treatments were small and 
overall soil resistance lower because the soil had recently (2 days previously) been irrigated and was 
therefore softer (Fig. 2). In September, the drought stressed treatments had higher soil resistance than 
their respective well-watered treatments, but statistical analysis was only possible at 0-30 cm depths 
due to limited replication in strong soil below those depths. Overall, compacted treatments showed a 
higher soil resistance than uncompacted treatments at depths between 20 cm and 35 cm, Soil 
resistance below 15 cm depth increased between April and September in all treatments.  
3.2. Plant growth 
Plants emerged 3 days earlier in uncompacted (49 days after planting) soil than compacted (52 days).  
Ground cover differed between compaction treatments at an early growth stage (from calendar week 
24), with plants in uncompacted soil growing faster and more rapidly reaching full ground cover than 
plants in compacted soil. After full canopy cover was reached, plants in uncompacted soil senesced 
more quickly than in compacted soil (Fig. 3). Irrigation treatments commenced from calendar week 24 
and plant growth in the well-watered plants remained rapid, while growth of the deficit-irrigated plots 
was greatly restricted in the first weeks after emergence and ground cover never reached the absolute 
values of well-watered plants (Fig. 3). This confirms that the timing of irrigation of the well-watered 
treatments was adequate to maintain optimal growth. Taken together, soil compaction and drought 
stress reduced the duration of full ground cover and therefore time of maximum light interception.  
Leaf expansion only differed between treatments until calendar week 29, with the two individual 
stresses reducing leaf expansion compared to the control and the combined stresses reducing growth 
rate further (Fig. 4A and B). At the beginning of the season, soil compaction limited leaf initiation while 
after week 28 deficit irrigation had a greater effect. By week 33, few new leaves developed (Fig. 4C). 
Thus leaf expansion and leaf initiation showed similar treatments responses to overall canopy cover.  
3.3. Plant physiological parameters 
To investigate whether differences in carbon gain (photosynthesis) affect shoot growth, leaf gas 
exchange was measured. Surprisingly, stomatal conductance and photosynthesis rates did not differ 
between treatments on most measurement dates (Fig. 5A and B). Stomatal conductance (to water 
vapour) is linearly correlated with transpiration per unit leaf area. Irrigation as a main effect only had 
a significant impact in week 29, with deficit-irrigated plants having lower stomatal conductance and 
photosynthesis rates than well-watered plants (p < 0.05 for both parameters, Fig. 5A and B). At this 
time, irrigation had been suspended for 17 days in the deficit irrigation treatments (Fig. 1). In the last 
measurement week, both stomatal conductance and photosynthesis rates approximately halved as 
the canopy senesced. Thus adverse soil conditions restricted shoot growth, but photosynthesis and 
transpiration per unit leaf area (stomatal conductance) were only affected after a prolonged period 
without irrigation. 
As leaf gas exchange did not differ between treatments, plant water status was also measured. For 
pre-dawn and daytime leaf water potential, generally there were no treatment differences (Fig. 6). In 
weeks 26, 29 and 30, pre-dawn water potential of well-watered plants was higher than in drought-
stressed plants (Fig. 6). In week 26, pre-dawn leaf water potential was measured the night before and 
the night after irrigating the well-watered plots. Before irrigation, pre-dawn water potentials were 
similar, but after irrigation the pre-dawn water potential of the well-watered plants was significantly 
higher (p < 0.0001, F(1,10) = 33.96), by 0.05 MPa than of the drought-stressed plants. In week 29, 
drought-stressed plants had not been irrigated for 17 days when measured pre-dawn and soil moisture 
had been low for this period in drought-stressed treatments (Fig. 1). Hence, the difference in pre-dawn 
water potential between irrigation treatments in this week is a result of low water availability in 
drought stressed plants. In week 30, all plots were irrigated the day before measurements. Thus, there 
was an immediate response in pre-dawn water potential to an irrigation event in well watered plants, 
but a decrease in drought stressed plants only became apparent after a prolonged period at low soil 
moisture. In week 32, compacted treatments had higher pre-dawn water potentials than uncompacted 
treatments. Daytime leaf water potential did not differ between treatments throughout the whole 
season, with values between -0.9 and -1.4 MPa (Fig. 6B). Thus pre-dawn leaf water potential better 
discriminated the treatments than daytime leaf water potential.  
To understand hormonal responses, leaf tissue ABA levels were measured from samples taken directly 
after gas exchange measurements. In week 26, samples were taken the day after well-watered plants 
were irrigated for the first time and ABA levels in drought stressed plants were 60 % higher than in 
well-watered plants with mean values of 758 ng ABA*g-1 DM and 473 ng ABA*g-1 DM for drought-
stressed and well-watered treatments, respectively (Fig. 5C). On all following measurement dates, no 
treatment differences were detected (Fig. 5C). Drought-stressed treatments had the highest values in 
weeks 26 and 35. Comparing the treatments via repeated measures ANOVA (Supplementary Table 1) 
showed no significant impact of any factor, likely due to the high variability of the data. Thus any 
treatment differences in leaf ABA concentration were transient and not maintained through the 
growing season. 
3.4. Tuber yield 
Reduced plant growth and therefore lower biomass at full ground cover was correlated with lower 
tuber yield per hectare (Fig. 7). Soil compaction and drought decreased the yield by 31 % and had 
synergistic effect of co-occurring stresses (Fig. 8A). These findings illustrate that drought stress and soil 
compaction substantially decrease yield and that a large proportion of this variation can be explained 
by canopy growth (R² = 0.71, Fig. 7). 
Interestingly, significant differences in tuber size distribution were observed between irrigation 
treatments, but not between compaction treatments. Drought-stressed plots had more tubers 
between 30 mm and 50 mm and fewer tubers >60 mm (p < 0.05 for all comparisons) than well-watered 
plots (Fig. 8B). Total tuber number was also higher in drought-stressed treatments than in well-
watered treatments (28 tubers per m² vs. 24 m² tubers respectively, p = 0.036, F(1,12) = 5.57). Hence, 
lower yield of the drought-stressed treatments resulted from smaller, rather than fewer, tubers. 
 
 
4. Discussion  
This is the first study to measure canopy cover and leaf gas exchange of a field grown crop weekly 
under a factorial combination of drought and soil compaction. Ground cover quickly increased under 
optimal conditions, but was limited by deficit irrigation and especially soil compaction (Fig. 3), whereas 
leaf gas exchange was similar in all treatments throughout the growing season. Slower leaf growth rate 
and leaf initiation in the beginning of the season reduced leaf area and thus light interception, thereby 
diminishing whole plant carbon gain and therefore total yield. In potato, the duration for which full 
ground cover is maintained explains a high percentage of yield differences (74 – 87 %) among cultivars 
and treatments (Boyd et al., 2002). Since there were only small differences in late-season senescence 
between treatments (Fig. 3), the time to reach full ground cover seems more important. Indeed, early-
season biomass explained 71 % of the variation in final yield, with soil compaction, deficit irrigation 
and their combination decreasing yields similarly by 31 % (Fig. 7). It has been established that the 
duration of light interception determines final yield (Haverkort & Struik, 2015) and full irrigation is 
necessary until after tuber initiation phase to ensure high yield (Jensen et al., 2010). While this 
indicates the importance of early season shoot development in yield formation, to our knowledge the 
correlation between biomass at full ground cover and yield has not been reported before in potato. 
This finding could have an important impact on irrigation scheduling and crop management 
throughout the season to save water resources and maintain or increase yield per hectare. Therefore 
it is important to understand the physiological mechanisms regulating canopy expansion and leaf gas 
exchange. 
Decreased canopy growth can result from fewer leaves or reduced leaf expansion or both. Drought 
decreased leaf number in potato (Fasan & Haverkort, 1991; Fig. 4) while compaction inhibited tillering 
and thus leaf initiation in wheat (Jin et al., 2015). Moreover, leaf expansion was inhibited by drought 
in potato (Obidiegwu et al., 2015) and by soil compaction in sunflower (Andrade et al. 1993). Before 
full ground cover was reached, leaf expansion rate decreased in the order: control > the two single 
stress treatments > the combined soil compaction and drought stress treatment (Fig. 4A). This reflects 
ground cover measurements over the same period (calendar week 24 to 29). However, ground cover 
curves for the different treatments diverge further after irrigation treatments were imposed in 
week 24 (Fig. 3). This is probably because the deficit-irrigated treatments produced fewer new leaves 
after week 26. Differences in ground cover development before week 31 (when maximum ground 
cover was reached) resulted from differences in leaf expansion and number of leaves; thereafter leaf 
expansion rates did not differ between treatments (Fig. 4B). Leaf number increased until week 33 and 
then remained constant (Fig. 4C). After reaching maximum ground cover, the canopy continues to 
develop, which may enhance light interception slightly, but not considerably.  
Restricted shoot growth under drought stress and soil compaction has often been associated with 
increased ABA levels (Mulholland et al., 1996; Sharp, 2002), but ABA-deficient mutants show less  
growth especially under these conditions (Hussain et al., 2000; Aroca et al., 2008). In potato, deficit 
irrigation only increased leaf tissue ABA levels in one week (week 26, Figure 5C), thus an impact of ABA 
levels on plant growth in this experiment is unlikely. Furthermore, ABA limits synthesis of another 
growth inhibitor, ethylene (Sharp, 2002; Hussain et al., 2000). Subjecting part of the root system to 
either soil drying (Sobeih et al. 2004) or soil compaction (Hussain et al., 2000) increased ethylene 
biosynthesis and limited leaf growth rates in tomato, but not in a transgenic tomato (ACO1AS) with low 
stress-induced ethylene biosynthesis, but similar ABA levels as wildtype plants. While these 
observations indicate the importance of ethylene, reduced gibberellin (GA) biosynthesis limits shoot 
growth under soil compaction (Coelho Filho et al., 2013) and drought stress decreases expression of 
GA biosynthesis genes while increasing expression of GA deactivation genes (Colebrook et al., 2014). 
Hence, it is possible that ABA, ethylene and GA all interact to regulate shoot growth when plants grow 
in dry and/or compact soil.  
Together with light interception, plant gas exchange is important for total plant carbon gain and 
therefore the plant’s capacity to grow tubers. Deficit irrigation, but not soil compaction, decreased  
stomatal conductance (gs) in factorial experiments with wheat (Whalley et al., 2006) and maize 
(Tardieu et al., 1992). Potato responded similarly, with deficit irrigation only significantly decreasing gs 
and assimilation rate (both p < 0.05, F-Test, calendar week 29) after 17 days without irrigation (Fig. 5B), 
confirming previous experiments (Liu et al., 2006; Ahmadi et al., 2010). Overall, leaf gas exchange was 
similar between treatments throughout most of the season and leaf-level carbon gain was thus similar 
in all treatments. Nevertheless, gs was relatively low (generally < 0.4 mol m-2 s-1  (Fig. 5B) compared to 
other studies that report values above 0.5 mol m-2 s-1  for well-watered plants (Liu et al., 2006; Ahmadi 
et al., 2010; Puértolas et al., 2014). When vapour pressure deficit (VPD) increased from 0.7 to 1.5 kPa 
around potato leaves (McAdam et al., 2016), gs rapidly declined to approximately the same values 
reported here. In the present study, although VPD was high (0.9 – 1.3 kPa) on most measurement days, 
it only explained 2 % of the variance in gs (R² = 0.02, p = 0.004). Since measurements within the same 
VPD range showed no effect on potato gas exchange (Ahmadi et al., 2010), other factors such as plant 
hormones may influence gs under low plant water availability. 
Increased leaf xylem sap ABA levels correlated with decreased gs in potato (Liu et al., 2005), tomato 
(Thompson et al., 2007) and soybean (Castro et al., 2019) in controlled environments. However, no 
such correlation occurred in field-grown potatoes (Ahmadi et al., 2010). Similarly, leaf tissue ABA levels 
and gs were not correlated (R² = 0.06, p = 0.07), with similar ABA accumulation between treatments 
due to higher ABA accumulation in the well-watered plants or limited ABA accumulation in deficit-
irrigated plants. Leaf xylem sap ABA concentration correlates with soil moisture in pot-grown tomato 
(Dodd, 2007) and sunflower (Dodd et al., 2008). However, preferential water uptake from moister 
parts of the soil profile attenuates any effect of localised root ABA accumulation in potato, thereby 
minimising or eliminating root-to-shoot ABA-signalling (Puértolas et al., 2015). Here, soil moisture was 
measured at 25 cm depth, but the roots of field-grown potatoes can grow as deep as 80 cm to access 
water (Stalham & Allen, 2004; Puertolas et al. 2014). Thus plants likely accessed water at deeper layers 
and therefore the measured soil moisture does not reflect total plant water availability. Alternatively, 
high VPD (1.5 kPa) can stimulate foliar ABA accumulation in well-watered plants (McAdam & Brodribb, 
2015), but there was no correlation between VPD and leaf ABA levels in the present study (R² = 0.02, 
p = 0.26). Alternatively, stability of ABA levels in deficit irrigated plants suggests that (deeper) roots 
acquired sufficient water to prevent leaf water deficit (Fig. 6).  
Leaf water potential is highest before dawn and with plants in the dark for several hours at 
considerably decreased transpiration rates (Ramírez et al., 2018) pre-dawn leaf water potential 
measurements indicate soil water availability. In contrast to the relative stability of daytime leaf water 
potential (Ψday), deficit irrigation decreased pre-dawn leaf water potential (Ψpre-dawn) only after 
prolonged times without irrigation (Fig. 6) as in maize (Tardieu et al., 1992). Decreasing Ψpre-dawn 
correlates with stomatal closure in different crops. However, potato showed small changes in stomatal 
conductance (0.12 mol m-² s-1 gs difference with Ψpre-dawn between -0.4 and -0.1 MPa) compared to 
crops such as soybean (0.44 mol m-² s-1 gs difference over a similar Ψpre-dawn range) and sunflower 
(0.54 mol m-² s-1 gs difference with Ψpre-dawn between -0.68 and -0.25 MPa) (Granier and Tardieu, 1999). 
Thus decreased Ψpre-dawn in potato does not necessarily result in measurable stomatal closure. Taken 
together, while treatment differences in leaf gas exchange were not detected, understanding the 
substantial growth differences requires further investigations of plant water relations and hormone 
signalling effects.  
Under drought stress, more potatoes fell into small size grades than under well-watered conditions, as 
in a study of 103 potato cultivars (Aliche et al., 2019). Since drought, but not soil compaction, affected 
tuber size distribution (Fig. 8B), tuber development seemed to respond to systemic stress signals rather 
than local soil conditions. However, soil resistance did not differ between treatments in the top 20 cm, 
where most potatoes grow (Fig. 2), so the direct impact of high soil resistance on tuber growth could 
not be examined. When drought stress restricted canopy growth, the available assimilates were 
distributed between a larger number of tubers (Fig 8B), producing a skewed tuber size distribution. 
Some potato cultivars undergo a second phase of tuber initiation under well-watered conditions 
(Walworth & Carling, 2002), which might have occurred in the second half of the season, when soil 
moisture increased following rainfall (week 33 and thereafter). The time until harvest would have been 
shorter for these tubers, hence the final tuber size of potatoes initiated in the second wave was 
smaller, leading to many small tubers in deficit-irrigated plants. In addition, an interaction between 
ABA and GA has been suggested to regulate tuberization and therefore tuber size distribution under 
drought stress (Jensen et al., 2010). Further research is needed to understand how tuber size is 
regulated. 
To conclude, soil compaction and drought stress applied individually decreased shoot growth and yield, 
but both stresses occurring simultaneously had synergistic effect on yield (Fig. 8A). Shoot biomass at 
full ground cover adequately predicted final yield (R² = 0.71, p < 0.001), indicating that vegetative 
growth in the first half of the growing season is critical in ensuring yield. This finding can be of great 
importance for crop management and irrigation scheduling. Since leaf gas exchange was not correlated 
with yield, leaf water status or ABA status, we conclude that plants under restricted water availability 
grow deeper roots to access water in deeper layers. Moreover, hormonal signals from the root system 
are postulated to restrict shoot growth sufficiently to ensure it can be sustained according to the 
available water supply. Further research is needed to test these hypotheses. 
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Figure 1: Soil moisture at 25 cm depth over the season 2018. Means ± SE of four Theta-probes per treatment) 
with residual degrees of freedom df = 4. Blue vertical bars indicate irrigation days, with light blue being well-
watered plots only and dark blue being all plots irrigated. Green vertical bars are rainfall events with light green 
> 3mm rainfall per day and dark green > 10 mm per day. Statistical significance of irrigation, compaction and 
their interaction reported for mean values of each week with: ns = not significant P > 0.05; * P < 0.05, ** P < 0.01, 
*** P <0.001. 
  
 
Figure 2: Soil resistance of all treatments in the beginning (April), middle (July) and end (September) of the 
season. Means of 4 plots per treatment and time point with 3 technical replicates per plot with SE for all depths 
where no significant interaction between treatments was found. LSD (5%) given for each depth (black horizontal 
lines) where interactions were significant with residual degrees of freedom df = 11 in April and July and df = 12 
in September.). In September statistical analysis could not be carried out for soil layers from 35 – 55 cm depth 
due to missing values (too high resistivity to take measurements). Mean values are shown for  Measurements in 
July were taken 2 days after irrigation, while measurements in April and September were taken before irrigation 
started and after irrigation stopped, respectively. Statistical significance of irrigation, compaction, depth and 
their interaction reported each measurement time point, with: ns = not significant P > 0.05; * P < 0.05; ** P < 




Figure 3: Weekly ground cover of field grown ‘Maris Piper’. Means ± SE of four plots per treatment with residual 
degrees of freedom df = 12. LSD (5%) for week 35 is given (black vertical line), because of significant interaction 
in this week. Statistical significance of irrigation, compaction and their interaction reported each week with: 
















Figure 4: leaf width in the first half (A) and the second half (B) of the season and weekly leaf number (C) of field 
grown ‘Maris Piper’. Means ± SE of 12 plants per treatment (and measurement date) with residual degrees of 
freedom df = 12. Regression lines were fit using linear models.    
 
Figure 5: Stomatal conductance (A), photosynthesis rates (B) and leaf tissue ABA levels (C) measured in field 
grown Maris Piper under different compaction and irrigation treatments. Means ± SE of 4 plants per treatment 
and measurement day with residual degrees of freedom df = 8 for stomatal conductance and photosynthesis 
rate and df = 6 for leaf tissue ABA levels. Asterisks indicate significant differences between treatments on a 




Figure 6: Development of pre-dawn (A) and daytime (B) leaf water potential of potato ‘Maris Piper’. Means ± SE 
of 4 plants per treatment and measurement day with residual degrees of freedom df = 10. Asterisks indicate 
significant differences between treatments on a distinct day with: ns = not significant P > 0.05; * P < 0.05, ** P < 
















Figure 7: Relation between biomass at full ground cover (measured in calendar week 31) and final yield for field-
grown 'Maris Piper'. Each data point represents one plot with three plants harvested for above ground biomass 
and yield calculated as in from 10 plants harvested per plot (2.5m²). Regression line was calculated using a linear 
model (y = 0.05 (± 0.0008) x + 31.42 (± 3.24)). Error bars omitted for clarity, residual standard error = 5.7 on 14 
degrees of freedom. 
 
Figure 8: Total yield (A) and tuber size distribution (B) of field grown 'Maris Piper'. Means (± SE) of four plots per 
treatment, yield calculated and tubers counted of 10 plants per plot (2.5m²).  Vertical line in (A) shows LSD (5%), 
residual degrees of freedom = 12.  
 
Supplementary Table 1: Supplementary Table 1: outcome of repeated measures ANOVAs for the measured plant physiological parameters. F-values and p-values are reported 
and printed bold where p < 0.05. P-values have been adjusted by Greenhouse-Geisser correction for the main factor ‘week’ and all interactions with the factor ‘week’ involved 




















F(1, 4) = 1.61, F(1, 4) = 8.11, F(16, 64) = 11.42, F(1, 4) = 0.23, F(16, 64) = 1.21 F(16, 64) = 1.32 F(16, 64) = 1.20 
24 – 40 
p = 0.27 p = 0.047 p < 0.001  p = 0.66 p = 0.29 p = 0.21 p = 0.29 
ground cover 
F(1, 12) = 21.11,  F(1, 12) = 11.47, F(17, 204) = 135.20,  F(1, 12) = 0.04,  F(17, 204) = 12.87,  F(17, 204) = 2.07,  F(17, 204) = 0.76,  
22 – 39 
p < 0.001 p = 0.005 p < 0.001 p = 0.84 p < 0.001 p = 0.009 p = 0.74 
leaf width  
first half (Fig. 4A) 
F(1, 12) = 37.46, F(1, 12) = 6.91, F(6, 72) = 124.03, F(1, 12) = 1.24, F(6, 72) = 6.22,  F(6, 72) = 8.64, F(6, 72) = 1.11, 
26 – 29 
p < 0.001  p = 0.022 p < 0.001  p = 0.29 p = 0.004 p < 0.001 p = 0.35 
leaf width  
second half (Fig 4B) 
F(1, 12) = 0.70, F(1, 12) = 0.30, F(5, 60) = 62.03, F(1, 12) = 0.07, F(5, 60) = 0.61,  F(5, 60) = 0.38, F(5, 60) = 0.67, 
30 - 36 
p = 0.42 p = 0.59 p < 0.001  p = 0.80 p = 0.59 p = 0.73 p = 0.55 
leaf number 
F(1, 12) = 18.55, F(1, 12) = 46.84, F(11, 132) = 461.06, F(1, 12) = 3.27, F(11, 132) = 1.88, F(11, 132) = 11.56, F(11, 132) = 1.64, 
26 - 36 
p = 0.001 p < 0.001  p < 0.001  p = 0.96 p = 0.16 p < 0.001 p = 0.21 
pre-dawn leaf 
water potential 
F(1, 10) = 7.72 F(1, 10) = 12.96, F(9.90) = 5.85, F(1, 10) = 0.28, F(9.90) = 1.96, F(9.90) = 2.41,  F(9.90) = 0.30,  26 – 32, 34, 
35 p = 0.02 p = 0.005 p = 0.002 p = 0.61 p = 0.13 p = 0.08 p = 0.85 
daytime leaf water 
potential 
F(1, 10) = 2.58, F(1, 10) = 0.29, F(8, 80) = 10.08, F(1, 10) = 2.37, F(8, 80) = 0.33, F(8, 80) = 0.70,  F(8, 80) = 0.61,  26 – 32, 34, 
35 p = 0.14 p = 0.60 p < 0.001 p = 0.15 p = 0.78 p = 0.54 p = 0.60 
stomatal 
conductance  
F(1, 8) = 1.48,  F(1, 8) = 0.51, F(3, 24) = 3.50,  F(1, 8) = 0.01,  F(3, 24) = 0.80,  F(3, 24) = 0.18,  F(3, 24) = 0.38,  
29 – 31, 35 
p = 0.26 p = 0.49 p = 0.07 p = 0.94 p = 0.44 p =0.77 p = 0.63 
photosynthesis 
rate 
F(1, 8) = 2.61,  F(1, 8) = 0.54, F(3, 24) = 7.62,  F(1, 8) = 0.28,  F(3, 24) = 0.24,  F(3, 24) = 0.38,  F(3, 24) = 1.23,  
29 – 31, 35 
p = 0.15 p = 0.48 p = 0.001  p = 0.61 p = 0.87 p = 0.77 p = 0.32 
Leaf ABA 
concentration 
F(1, 6) = 0.05,  F(1, 6) = 0.83,  F(5, 30) = 3.67, F(1, 6) = 0.36,  F(5, 30) = 1.04, F(5, 30) = 2.79, F(5, 30) = 1.17, 26 – 28, 32, 
35 p = 0.84 p = 0.40 p = 0.01 p = 0.57 p = 0.41 p =0.03 p = 0.97 
Supplementary Table 2: Supplementary Table 2: outcome of repeated measures ANOVAs for penetrometer resistance measurements. F-values and p-values are reported and 

















resistance in April  
F(1, 11) = 20.32, F(1, 11) = 0.14, F(10, 110) = 176.64, F(1, 11) = 1.81, F(10, 110) = 3.11, F(10, 110) = 0.42, F(10, 110) = 0.45, 
p = 0.0009 p = 0.72 p < 0.0001 p = 0.21 p = 0.046 p = 0.72 p = 0.70 
penetrometer 
resistance in July 
F(1, 11) = 0.82, F(1, 11) = 0.21, F(10, 110) = 0.006, F(1, 11) = 90.51, F(10, 110) = 2.02, F(10, 110) = 1.04, F(10, 110) = 1.18, 
p = 0.38 p = 0.65 p < 0.001 p = 0.94 p = 0.11 p = 0.40 p = 0.33 
penetrometer 
resistance in Sep 
(only 0-30 cm depth) 
F(1, 12) = 5.40, F(1, 12) = 2.32, F(5, 60) = 163.07, F(1, 12) = 0.03, F(5, 60) = 17.96, F(5, 60) = 3.91, F(5, 60) = 0.59, 
p = 0.04 p = 0.15 p < 0.001  p = 0.86 p < 0.001  p = 0.03 p = 0.58 
